Abstract-This study focuses on evaluating impacts of advanced, urban public charging infrastructure on the battery electric vehicle (BEV) adoption in the U.S market. Under various infrastructure scenarios (e.g., current and developed conditions), we investigate the infrastructure impacts on the near-term BEV adoption using a consumerchoice based market simulation approach. Our results suggest that current public charging infrastructure has continuous and significant impacts on the near-term BEV adoption. Additional infrastructure investment could further stimulate the public acceptance of BEVs. We also find that the actual infrastructure impact may vary depending on the assumption of how charging deployment could affect consumers' access of chargers and consumers' daily available charging time. However, this impact variability could be reduced when infrastructure is getting mature.
I. INTRODUCTION
Infrastructure has long been a major barrier to battery electric vehicles (BEVs) adoption [1] . Cost-effective charging infrastructure is crucial to support the future energy efficient transportation systems. The rapid development and deployment of advanced public charging technologies (e.g., direct current fast charging (DCFC)), coupled with other smart mobility solutions such as vehicle connectivity and shared mobility, will affect future vehicle ownership and use, electricity generation, and alternative fuel energy market. This will further result in major changes in the utilization of alternative transportation modes, energy consumption, and economic activity. Understanding the magnitude and sensitivity of these impacts is key to identifying barriers and achieving mainstream adoption of BEVs. Within this scope, our objective is to quantify the impacts of urban public charging infrastructure on BEV adoption.
Understanding the relationship between infrastructure support and BEV adoption is a classic and complex "chicken and egg" problem. On the one hand, as the BEV market continuously grows, more advanced public charging infrastructure is required to support the large volume of BEVs on the road; otherwise, charging congestion or even infrastructure failure could be inevitable. On the other hand, the expanded charging infrastructure could theoretically reduce consumers' range anxiety by extending electric driving ranges and thus further improve the acceptance of BEVs. Due to the important role of BEVs in today's renewable energy market, many previous studies are dedicated to investigating this relationship.
Most studies in the literature focused on evaluating how much public charging infrastructure is needed to support the growing BEV demand. They mainly formulated node-or flow-based facility location network models to mathematically demonstrate the infrastructure requirement [2] [3] [4] . There are also other modeling approaches, such as using simulation calibrated with real -world survey data [5] . In addition, we observe some research efforts on technology requirements in the charging infrastructure, especially in the integration into the power grid [6, 7] .
There are also many other studies dedicated to understanding impacts of public charging infrastructure on BEV consumer acceptance. For example, Springel [8] modeled the BEV market as a two-sided market with network externalities and found that BEV sales are positively related to charging station subsides. Lin [9] investigated on impacts of charging deployment level on travelers' range anxiety as well as the optimized vehicle range. A more recent paper by Levinson and West [10] simulated impacts of public charging on BEV market based on the ratio of the number of refueling stations to the number of gasoline stations.
This study aims at understanding impacts of public charging infrastructure on the BEV adoption. Similar to [10] , we also propose a vehicle market based simulation approach. However, to better approximate actual charging behaviors and understand its impact on BEV adoption, we further adopt the charging deployment-to-opportunity model [11] developed based on real-world intra-city travel survey data to understand the extension of BEV ranges with charging infrastructure. As range extension could increase consumers' willingness-to-pay for BEVs, a consumer choices-based analysis is followed to understand how the range extension could stimulate the BEV market. A set of different scenarios are evaluated with different assumptions on charging deployment levels in a multi-year time framework. Our simulation model aims at quantifying impacts of current and potential future development in the urban charging infrastructure on the U.S. BEV market. Note that this study only focuses on the charging infrastructure in urban areas; the impacts of infrastructure in rural areas is beyond this paper's scope.
In the remaining of the paper, we will first describe the vehicle market simulation method and related assumptions in the methods section. Then in the results section, we will show our findings, focusing on the potential impacts of public charging on the near-term BEV adoption. Finally, the study is concluded with suggestions for future research.
II. METHODS

A. Simulating Infrastructure Impacts Using Vehicle
Choice Model In this study, we conduct a vehicle choice-based simulation to evaluate near-term impacts of urban public charging infrastructure on the consumer acceptance of BEVs in the U.S. light duty vehicle (LDV) market. We use an existing U.S. national level vehicle market simulation tool, called the Market Acceptance of Advanced Automotive Technologies (MA3T) model developed by the Oak Ridge National Laboratory [9, 12, 13] . The core of the model is a nested multinomial logit model that simulates purchase probability of advanced vehicle technologies of 9,180 consumer segments, representing the U.S. vehicle market. To consider the evolving market environment, the MA3T model also takes exogenous inputs on technology, policy, consumers, and infrastructure in a multi-year modeling framework. Note that, since the initial development in 2011, the MA3T went through two rounds of calibration and validation. Compared to actual sales data, the results by MA3T generally show reasonably good matches [14] , and thus the model is deemed as an appropriate tool to analyze the infrastructure impact in this study.
As one major component in the BEV ownership utility function of the MA3T model [9, 12, 13] , electric driving range is a key factor related to range anxiety and could stimulate consumers' willingness-to-pay if it is extended with advanced charging infrastructure support. We adopt the concepts [9, 12] to model impacts of public charging infrastructure on the range extension. There are three public charging related factors that contribute to the extension of the electric driving range, and those are:
 Available charging time T (hours) -the average daily available time for BEVs to charge at trip stops between activities (e.g., shopping and dining),  Charging speed E (extended range in miles per hour) -a factor that is assumed to be linearly correlated to charging power (KW), and  Charging opportunity Q (%) -the probability of finding a nearby charging station at trip stops.
We denote the initial vehicle range by R (miles). The extended vehicle range e R with public charging can be determined using equation (1) . The range extension T E Q  is assumed to be capped by Cap R which is the maximum electric driving range of the vehicle.
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Let the variable x (miles) represent the random daily driving distance with the probability density function f(x). We assume that x is bounded by the maximum daily driving distance of Max R . Then, we could use equation (2) to determine the probability ( Pr ) of daily driving range exceeding the extended vehicle range e R . Note that f(x) is a gamma distribution function [15] fitted using the 2009 National Household Travel Survey data [16] . Function f(x) has different distribution parameters based on consumer types (frequent, average, and moderate drivers) for the 9,180 segments in the MA3T model.
According to equation (1), given fixed charging time T (the default value in MA3T is 2 hours), greater charging speed E and/or charging opportunity Q could lead to greater extended electric driving range. According to equation (2), charging infrastructure reduces the probability of insufficient vehicle range for daily trips. This could contribute to lower disutility due to infeasible trips, and could lead to a higher adoption rate of BEVs.
For simplicity, the charging speed E is calculated at the national level. The charging opportunity Q, is location specific. As the geographic resolution of the MA3T model is at the state level, we determine weighted average Q for each state. In this study, the charging speed E is assumed to be linearly correlated with the charging power which varies between different charger types (L1 -1.4 KW, L2 -6.2 KW, and DCFC -50 to 150 KW based on scenarios). For each state, we estimate the weightedaverage charging power for all chargers. Note that the more DCFC chargers, the higher weighted average charging power. The charging opportunity level is assumed to be correlated with the actual charging deployment levels [11] . In other words, more public charging network coverage contributes to greater charging opportunities for BEV drivers. Details of this relationship are shown in the next section.
B. Determining Charging Opportunity with Charging Deployment Level
In this study, we use Kontou, Liu [11] 's charging deployment-to-opportunity model to determine charging opportunity for each state. The model was developed using Global Position Systems (GPS) survey data of the regions of Seattle, Los Angeles, and Atlanta [17] and considered the geographical overlap between the charging network and the travelers' activity space. The model investigates how the probability of finding nearby charging station is increased when additional charging stations are deployed. As an input in the charging deployment-to-opportunity model [11] , the charging deployment level represents the percentage of an urban area that has charging stations installed. We estimate this ratio by dividing an urban area into small square grid cells. A cell is covered if charging stations are present inside the cell; otherwise the cell is not covered. The deployment level is then calculated as the ratio of the number of covered cells out of the number of all cells. Note that for computational simplicity at the national level, we divide all urban areas in the U.S. into 1×1-mile grid cells. Figure 1 shows the map of the charging deployment levels in all states based on the national public charging infrastructure in 2017 [17] . The figure shows that higher charging deployment levels are mainly present in the pacific and northeast regions. For example, California as one of the states that are most actively seeking solutions to boost BEV sales, has the highest charging deployment level of 13.8% in 2017. We use the deployment-to-opportunity model as shown in Figure 2 to translate the charging deployment level into the charging opportunity in each state. Note that Figure 2 shows three curves which are developed using the GPS survey data in Seattle, Los Angeles, and Atlanta, respectively. For details in the development of the three curves, interested readers can refer to the study [11] . These three curves convey two major implications: first, the increasing functions mean that higher charging deployment level yields higher charging opportunity for extending BEV ranges; and second, the concave shape of the curves shows that the marginal benefits of public charging diminish as the infrastructure is being expanded. For evaluating the charging opportunity at the national level, we take the average of the three curves in this study. 
C. Scenarios and Assumptions
To evaluate impacts of urban public charging on the near-term BEV adoption, we consider three scenarios defined based on different assumptions on the charging infrastructure in the near-term planning horizon (2011-2030). Definitions of scenarios are shown in Table 1 . The "NoAFI" scenario (AFI stands for Advanced Fueling Infrastructure) is a "Do-Nothing" scenario which assumes very limited infrastructure level throughout the entire time horizon for all states (5% opportunity and 3 KW charging power). The "Current" scenario recognizes the recent development in infrastructure up to 2017 (as shown in Figure 1 ), while this scenario assumes that the 2017 infrastructure level remains the same in the rest of years. The "Developed" scenario has identical infrastructure deployment level with the "Current" scenario by 2017. After 2017, the "Developed" scenario recognizes a further expansion of the public charging infrastructure, especially DCFC chargers, to meet the growing BEV demand. The "Developed" scenario's assumptions and definitions stem from the U.S. Department of Energy's SMART Mobility project [18] . In particular, all DCFC chargers by 2030 are assumed to be upgraded to 150 KW level in the "Developed" scenario. Note that all three scenarios assume that there is scarce charging infrastructure support in the rural area in all years, namely 5% opportunity and 3 KW average charging power in rural areas. Also, we assume 2 hours available time for daily public charging, based on the national average dwell time in public areas [16] . We assume limited charging opportunity levels at 5% and limited charging power at 3 KW
We include various vehicle powertrain technologies and vehicle classes to represent the diversity in the LDV market. Six major powertrain technologies are modeled in the MA3T, including conventional spark-ignition vehicle (Conv-SI), conventional compression-ignition vehicle (Conv-CI), spark-ignition hybrid electric vehicle (SI-HEV), compression-ignition hybrid electric vehicle (CI-HEV), plug-in hybrid electric vehicle (PHEV, with 10, 20, and 40 miles' range levels before 2020 and with 25 and 50 miles' range levels since 2020), and BEV (with 100, 200, and 300 miles range levels). For each powertrain, we also consider four vehicle classes, including mid-sized car, small sports utility vehicle (SUV), truck SUV, and pickup.
A few related technology and infrastructure assumptions are also considered in the MA3T model. To estimate vehicle technology performance (e.g., manufacturing cost and fuel economy), we use the "no program" assumption in the program benefits analysis study by the Vehicle Technologies Office (VTO) and Fuel Cell Technologies Office (FCTO) of U.S. Department of Energy (DOE) [19] . Note that the "no program" assumption represents a future scenario where neither of the two offices will make contributions to improve the vehicle technologies. We also adopt the Annual Energy Outlook 2017 reference projection of fossil fuel and electricity prices [20] .
III. RESULTS
A. Charging Opportunities and Power Results
As mentioned above, we estimate the charging opportunity for each state using Kontou, Liu [11] 's method. Charging deployment and opportunity by scenarios are shown in Table 2 . It is shown that the charging opportunities in the "Current" scenario vary significantly between states, because these states have different charging deployment levels. In states with low current charging deployment levels, both charging deployment and opportunity levels are notably increased in the developed level. However, some states, such as California, have relatively less significant increase in charging opportunity. That is because charging deployment levels in these states are already high in the existing condition, and the marginal gain in charging opportunity decreases with the deployment level according to Figure 2 . We also determined the national weighted average charging power in both current and developed levels. The average charging power in today's condition is 11.4 KW. For the developed level, since all DCFC chargers are upgraded to 150 KW level, the average charging power is 55.9 KW. 
B. Comparison in BEV Market Share
We compare the market share in sales and population of BEVs between three scenarios, and results are shown in Figure 3 . The figure shows beneficial infrastructure impact on the BEV market in urban areas. Compared to the "NoAFI" scenario, the "Current" scenario can increase the 2030 sales in urban areas from 32.4% to 41.4% (relative 27.8% increase), and can increase the 2030 population in urban areas from 12.5% to 15.9% (relative 27.2% increase). If DOE's projected infrastructure deployment level could be realized under the "Developed" scenario, the 2030 market sales share in urban areas can be further boosted to 49% (half of the total market), and the population can be increased to 18.8%. Figure 3 also indicates that investment in public charging infrastructure has continuous impacts on the BEV adoption. Compared to the "NoAFI" scenario, today's infrastructure development does not contribute to remarkable increase in BEV sales and population in 2017. However, as current infrastructure continues the service to BEV owners, even if no further infrastructure expansion is expected ("Current" scenario), it still significantly increases the BEV market share in 2030.
Though not shown in Figure 3 , the PHEV has much less sales and smaller population than BEV in 2030. The impacts of public charging infrastructure on PHEV market is not significant. 
C. Impacts of Charging Deployment-to-Opportunity
Relationships All the above results are based on the average deployment-to-opportunity relationship assumption. However, the actual relationship may vary. Therefore, we further evaluate the low and high estimates of the three relationship curves in Figure 2 to test how different charging availability-opportunity levels affect the role of charging infrastructure on the BEV market. Figure 4 shows the impacts on the 2030 BEV sales for both "Current" and "Developed" scenarios. The orange bars represent the baseline cases which consider the average of the three relationship curves. The blue and grey bars, represent the low and high estimates, respectively. Generally, high estimate should yield additional benefits of the charging infrastructure because every percentage increase in charging deployment level contributes more increase in the charging opportunity; similarly, low estimate means less benefits. However, it is shown that the impacts of different curves are not remarkable. For the "Current" scenario, the variation in the estimation of the deployment-to-opportunity relationships only contributes to ±2% in sales, respectively. This difference is even less considerable (±0.1%) under the "Developed" scenario. This finding indicates a consistent estimation of the infrastructure impacts among different deployment-to-opportunity relationship levels. 
D. Impacts of Available Charging Time
In this study, we assume 2 hours available time for public charging. The actual available time may be lower, and we further test 0.5 and 1 hours available time. In order to further evaluate the benefits of DCFC chargers, which are better fitted to support charging activities with limited time windows, we include another scenario, namely "Developed+AllDCFC", representing the condition that all chargers are upgraded to 150 KW levels in 2030.
Results on the BEV sales in 2030 are shown in Figure  5 . The impacts of different available time are noteworthy for the "Current" scenario, and we observe that lower available charging time significantly reduces infrastructure impact on the BEV sales. However, for the "Developed" and "Developed+AllDCFC" scenarios, because they have much higher average charging power, the negative impacts of shorter charging time are mitigated.
Note that for the baseline assumption of 2 hours available charging time, the "Developed" and "Developed+AllDCFC" scenarios have similar BEV market shares in 2030. Since the "Developed" scenario already has relatively mature infrastructure support for BEVs, the higher charging power in the "Developed+AllDCFC" scenario is not a significant addition to the increase in BEV market share. However, as we expect lower available charging time (i.e., 0.5 or 1 hours), the benefits of all DCFC chargers become more obvious.
All these analyses show the benefits of high charging power, considering the uncertainty in the available charging time. In this study, we utilized a vehicle market simulation approach to evaluate impacts of urban public charging infrastructure on the near-term BEV adoption. We found that the recent developments in charging infrastructure successfully stimulate the recent BEV market acceptance and additional investment on the infrastructure will further increase BEV adoption. Also, the results indicated that the public charging infrastructure investment has a long-lasting impact on the BEV adoption, which makes it a promising future solution to increase the BEV sales in the long run. All these results depend on the actual assumption on different important factors, such as charging deployment-to-opportunity relationships and available charging time. With sensitivity analysis on these factors, we found that the variations with these impacts could be reduced as the charging infrastructure is getting mature in terms of both charging deployment levels and average charging power.
As this study only focused on the impacts of public charging infrastructure on the BEV sales in urban areas, further investigation on future rural infrastructure is an important addition to understand their benefits in covering long-distance or inter-city travels of BEVs. Also, with the emerging shared mobility concepts, it is also critical to answer the question on whether and at what level the charging infrastructure could help the electrification of shared mobility, such as car share and ride share fleets, etc.
